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HIGHLIGHTS 


►  Bulk  density  of  porous  LSM— YSZ  composites  increases  with  decrease  in  P02  during  sintering. 

►  Formation  of  La2Zr207  phase  in  LSM— YSZ  composite  is  accelerated  in  lower  sintering  P02. 

►  Presence  of  10—25%  La2Zr207  decreases  LSM— YSZ  thermal  expansion  coefficient  by  ~1.2  x  10  6  °C-1. 
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Role  of  oxygen  partial  pressure  (P02)  on  the  chemical  and  structural  stability  of  porous  strontium  doped 
(20  mol%)  lanthanum  manganite  (LSM)-8  mol%  yttria  stabilized  zirconia  (YSZ)  composite  has  been 
studied.  LSM  and  YSZ  powders  and  pore  former  were  mixed  uniformly  and  uniaxially  pressed  into 
pellets.  The  pellets  were  sintered  at  1400  °C  for  2—10  h  in  0.21— 10-6  atm  P02.  Structural,  chemical,  and 
microstructural  changes  were  examined  using  X-ray  diffraction  (XRD),  scanning  electron  microscopy 
(SEM)  and  transmission  electron  microscopy  (TEM)  techniques.  Density  of  the  LSM— YSZ  composites 
increased  from  65%  to  85%  during  sintering  with  decrease  in  the  oxygen  partial  pressure.  The  crystal 
structures  of  LSM  and  YSZ  maintained  rhombohedral  and  cubic  structure,  respectively,  under  all  sin¬ 
tering  conditions.  Formation  of  lanthanum  zirconate  (La2Zr207)  phase  was  observed  in  air  after  10  h 
sintering  and  in  10-3  and  10-6  atm  P02  after  2  h  sintering.  MnOx  was  found  in  10-6  atm  P02  sintered 
composites.  Lower  P02  exposure  also  enhanced  the  grain  growth.  Thermal  expansion  coefficient  (TEC)  of 
the  LSM— YSZ  composites,  determined  by  dilatometry,  decreased  from  11.5  x  10-6  °C_1  for  the  air  sin¬ 
tered  samples  to  10.3  x  10~6  °C_1  for  the  samples  sintered  in  10~6  atm  P02  due  to  the  formation  of 
La2Zr207  phase. 

Published  by  Elsevier  B.V. 


1.  Introduction 

Solid  state  electrochemical  systems  such  as  solid  oxide  fuel  cells 
(SOFCs),  solid  oxide  electrolysis  cells  (SOECs),  and  oxygen  transport 
membrane  (OTM)  are  attractive  for  power  generation,  carbon 
capture,  hydrogen  and  syngas  production  and  oxygen  separation. 
YSZ  and  LSM  have  been  extensively  studied  as  electrolyte  and 
electrode  materials  respectively  [1-4]  for  SOFCs  operating  in  800- 
1000  °C  temperature  range.  During  the  fabrication  and  operation  of 
these  systems,  significant  degradation  in  performance  has  been 
reported  due  to  the  formation  of  reaction  products  such  as  La2Zr207 
and  SrZr03  at  the  LSM-YSZ  interface  [5]. 

The  LSM-YSZ  reactions  have  been  extensively  studied  during 
the  past  two  decades  [6-10].  Formation  of  electrically  insulating 
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phases  (La2Zr207  and  SrZrOs)  at  the  LSM-YSZ  interface  has  been 
reported  [11].  The  electrical  conductivity  of  the  above  phases  is 
significantly  lower  than  those  of  LSM  and  YSZ  [12].  For  example,  at 
1000  °C,  the  electrical  conductivities  of  La2Zr207,  SrZr03  and 
Lao.8Sro.2Mn03  are  ~2  x  10-5  S  cnrT1,  1  x  10~4  S  cm-1,  and 
~200  S  cm"1,  respectively.  The  ionic  conductivity  of  YSZ  is 
0.1  S  cm-1  [11,13-15].  Formation  of  the  zirconate  phases  changes 
the  morphology  of  LSM  and  LSM-YSZ  interface,  decreases  the 
length  of  triple  phase  boundary  (electrochemically  active  area),  and 
increases  the  interfacial  resistance  at  the  LSM-YSZ  interface 
resulting  in  SOFC  performance  degradation  [16].  For  instance,  the 
length  of  the  triple  phase  boundary  decreases  from  ~0.7  pm-1  to 
~0.4  pm-1  and  the  interfacial  resistance  increases  from 
~100  Cl  cm2  to  ~250  Cl  cm2  while  the  La7Zr207  thickness  at  the 
LSM-YSZ  interface  increases  from  ~50  nm  to  ~70  nm  [17]. 

The  reaction  between  LSM  and  YSZ  depends  on  the  composition 
of  Lai_*SrxMn03,  yttria  concentration  and  crystal  structure  of  YSZ, 


58 


N.  Li  et  al.  /  Journal  of  Power  Sources  221  (2013)  57—63 


the  ratio  between  LSM  and  YSZ,  characteristics  of  starting  powder, 
sintering  temperature,  time,  and  atmosphere  [18-26].  Several 
studies  have  indicated  that  La2Zr20y  forms  for  x  >0.0  and  SrZr03 
along  with  the  La2Zr207  starts  to  form  for  x  >0.3  [6,24,26],  while 
other  studies  reported  that  both  zirconates  can  form  at  x  >0.17, 
which  is  also  consistent  with  thermodynamic  calculations  [19,23]. 
Formation  of  SrZrC>3  at  1:1  LSM  and  YSZ  ratio  and  La2Zr2(>7  at  1:3 
ratio  was  reported  during  annealing  at  1000  °C  in  N2 
(PO2  ~  10-5  atm)  atmosphere  [27].  However,  SrZrC>3  formation  was 
not  observed  when  LSM  and  YSZ  ratio  >1.0  [19].  Although  it  has 
been  reported  widely  in  literature  that  the  formation  of  zirconate 
phases  depends  on  the  starting  powder  characteristics,  reaction 
temperature  and  exposure  atmosphere,  the  effect  remains  little 
understood  in  terms  of  densification,  grain  growth  and  phase 
evolution  [20].  The  zirconate  phases  formation  has  been  reported 
in  a  wide  temperature  range  between  1000  °C  and  1400  °C  [24,26- 
28].  SrZr03  forms  at  higher  temperature  than  that  of  La2Zr207.  For 
instance,  La2Zr207  forms  at  1200  °C  but  SrZr03  forms  at  1350  °C  for 
Lao.6Sro.4Mn03-YSZ  composites  sintered  in  air  for  120  h  [24].  The 
amount  of  the  zirconate  phases  increases  with  increase  in  sintering 
time  [24,25,27].  Interdiffusion  of  respective  cations  across  the 
LSM-YSZ  boundary  during  the  sintering  of  LSM-YSZ  has  been 
reported  to  be  responsible  for  zirconate  phases  formation 
[6,9,17,24,25,29].  Among  all  the  elements  in  the  LSM-YSZ 
composites,  the  diffusivity  of  manganese  remains  the  highest 
[17],  however,  diffusion  of  manganese  into  the  YSZ  has  not  been 
observed  by  several  researchers  [23,30].  The  contradictory  nature 
of  the  above  results  related  to  LSM-YSZ  interactions  may  be 
attributed  to  the  difference  in  powder  characteristics  such  as 
composition,  morphology,  surface  area  etc. 

Most  of  the  above  reported  studies  have  been  conducted  in  air 
and  electrochemical  device  operation  conditions  typically  in  the 
temperature  range  of  800-1100  °C.  The  understanding  of  the  LSM- 
YSZ  composite  interaction  under  the  device  fabrication  conditions 
remains  largely  unknown.  Typical  fabrication  conditions  include 
sintering  at  elevated  temperatures  in  the  range  of  1200-1500  °C  in 
air  [31-34].  Role  of  sintering  atmosphere  on  the  air  electrode 
densification,  microstructural  evolution  and  chemical  interactions 
also  remains  unknown  at  these  elevated  temperatures.  Above 
understanding  is  also  considered  useful  for  establishing  degrada¬ 
tion  processes  during  cell  operation  at  lower  temperatures  and 
oxygen  pressures  where  oxygen  partial  pressure  (PO2)  at  the  LSM- 
YSZ  interface  can  be  as  low  as  10~5  atm  [5].  PO2  change  at  the  LSM- 
YSZ  interface  can  occur  during  SOFC  operation  due  to  several 
reasons  including  intermixing  of  fuel  gas  and  air  due  to  internal 
cracks  and  seal  leakage,  changes  in  the  component  microstructure, 
and  polarization  of  the  electrodes  [35]. 

It  has  been  demonstrated  that  the  lower  PO2  favors  the  forma¬ 
tion  of  the  zirconate  phases  [18,19,36].  These  studies  have  not 
shown  the  detailed  and  systematic  morphological  evolution  of 
reaction  products  and  structure  at  lower  PO2.  Recently,  we  have 
reported  the  role  of  PO2  on  the  structural  and  morphological 
stabilities  of  LSM-YSZ  composites,  however,  densification  was  not 
emphasized  [37].  It  was  reported  that  porous  electrodes  acceler¬ 
ated  the  LSM-YSZ  interaction  when  compared  to  dense  electrodes 
[29].  Only  SrZr03  formed  for  dense  electrode,  while  both  LayZryOy 
and  SrZr03  formed  for  porous  composite  structure  [28].  Even 
though  porous  cathodes  are  required  for  electrochemical  systems 
applications,  most  of  the  studies  have  been  conducted  on  dense 
LSM-YSZ  composites  [18,22,24,26].  In  addition,  the  effect  of  zirc¬ 
onate  phase  on  the  thermal  expansion  coefficient  (TEC)  of  the 
composite  cathode  remains  unknown.  The  present  study  is  focused 
on  understanding  the  sintering  and  interaction  behavior  of  LSM- 
YSZ  composite  structures  under  controlled  oxygen  partial  pres¬ 
sure.  A  sintering  temperature  of  1400  °C  was  selected  to  represent 


the  device  sintering  condition.  An  oxygen  partial  pressure  range  of 
0.21 -10-6  atm  was  selected  to  study  the  phase  interaction  and 
microstructural  evolution. 

2.  Experimental 

Lao.8Sro.2Mn03  (particle  size  0.5-1.8  pm,  Inframat  advanced 
materials,  Connecticut),  YSZ  (particle  size  0.3-1.4  pm,  Fuel  cell 
materials,  Ohio),  starch  powders  (particle  size  30-45  pm)  were 
mixed  in  1 :1 :0.33  weight  ratio.  The  mixed  powders  were  uniaxially 
pressed  into  pellets  at  100  MPa.  The  pressed  pellets  were  bisque 
fired  in  air  at  1000  °C  for  2  h  to  burn  the  pore  formers.  The  bisque 
fired  samples  were  subsequently  sintered  at  1400  °C  in  a  range  of 
PO2  (0.21 -10-6  atm).  The  sintering  atmosphere  was  achieved  by 
using  certified  gas  mixtures  consisting  of  oxygen  and  nitrogen 
(Airgas  east,  Connecticut).  The  samples  were  sintered  for  2,  5,  and 
10  h  under  a  flowing  gas  atmosphere  (flow  rate  of  40  seem). 

The  density  of  the  LSM-YSZ  samples  was  measured  by  Archi¬ 
medes  method  according  to  ASTM  C20-97  standard.  Phase  char¬ 
acterization  was  performed  by  X-ray  diffraction  analysis  using  Cu 
Ka  radiation  (Bruker  D8  advance  X-Ray  diffractometer).  The  semi- 
quantitative  analysis  to  determine  the  amount  of  La2Zr20y  phase 
was  performed  by  using  the  ratio  of  the  100%  intensity  reflection  of 
La2Zr20y  and  YSZ,  taking  plane  multiplicity  factors  Mhki  into 
account  [22,38]. 

The  polished  cross  section  was  prepared  using  standard 
metallographic  techniques  and  analyzed  using  scanning  electron 
microscope  (SEM,  Quanta  600  FEI  Company,  Hillsboro,  OR).  The 
Energy  dispersive  spectroscopy  module  (EDS)  attached  to  the  SEM 
was  used  for  elemental  analysis. 

The  TEM  specimens  were  prepared  using  a  focused  ion  beam 
(FIB)  instrument  (FEI  strata  400S,  FEI  company,  Hillsboro,  OR, 
30  keV  Ga+  ions)  with  a  dual-beam  column,  combining  a  scanning 
electron  beam  and  an  ion  beam  in  one  unit.  An  Omniprobe  nano¬ 
manipulator  (Omniprobe  auto  probe  ™  200)  was  used  for  the  in 
situ  TEM  specimen  lift-out  technique.  For  the  current  study, 
a  sample  thickness  between  75  and  100  nm  was  provided  for  TEM 
studies.  TEM  high  resolution  images,  selected  area  diffraction 
pattern  and  TEM-EDS  spot  analysis  were  performed  using  JEOL 
2010  FasTEM. 

Thermal  expansion  properties  were  measured  using  the  Netzsch 
402PC  dilatometer  in  air  from  room  temperature  to  1000  °C  with 
a  heating  rate  5  °C  min-1.  The  sintered  LSM-YSZ  composite 
samples  were  cut  to  rectangular  shape  (10x2x3  mm)  and  used  to 
measure  TEC.  Standard  alumina  rod  was  used  for  calibration.  The 
dense  YSZ  and  LSM  samples  sintered  at  1400  °C  for  10  h  in  air  were 
used  as  reference  for  comparison. 

3.  Results 

Observations  related  to  sintered  densities,  compound  forma¬ 
tion,  microstructure,  elemental  distribution,  and  thermal  expan¬ 
sion  are  presented. 

3.1.  Density 

Depending  on  the  sintering  atmospheres  and  exposure  time,  the 
average  densities  of  the  LSM-YSZ  composites  are  in  the  range  of 
65-85%  of  theoretical  density  as  shown  in  Fig.  1.  The  density  of  the 
LSM-YSZ  composites  increases  from  ~75%  to  ~80%  while  oxygen 
pressure  in  the  sintering  atmosphere  decreases  from  0.21  to 
10-6  atm  PO2  for  sintering  time  of  10  h.  The  density  of  the  LSM-YSZ 
composites  also  increases  from  ~67%  to  ~75%  with  increasing 
sintering  time  from  2  h  to  10  h  for  the  samples  sintered  in  air. 
Similar  trend  is  observed  for  the  samples  sintered  in  lower  PO2.  It 
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Fig.  1.  Relative  density  of  LSM-YSZ  composites  sintered  at  1400  °C  in  different 
atmospheres  for  2  h,  5  h  and  10  h. 
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can  be  noted  that  the  density  value  of  the  LSM-YSZ  sample  is 
scattered  within  ±5%  and  the  deviation  from  the  average  value 
increases  with  lowering  PO2  (Fig.  1).  It  is  also  observed  that  the 
density  of  the  composites  sintered  in  10-3  atm  PO2  for  10  h  is 
higher  (~85%)  than  the  samples  sintered  in  1CT6  atm  PO2  for  the 
same  time,  however,  within  the  standard  deviation  range.  The  large 
deviation  from  the  average  density  values  may  be  attributed  to  the 
localized  pore  distribution  in  the  samples.  The  amount  of  porosity 
may  also  vary  from  sample  to  sample  resulting  in  the  change  in  the 
interaction  volume  of  solids  with  the  sintering  atmospheres, 
leading  to  large  variation  in  the  density  values.  Nonetheless,  it  can 
be  concluded  that  the  density  of  the  LSM-YSZ  composites 
increases  with  decrease  in  P02  and  increase  in  sintering  time. 

3.2.  Phase  evolution 

The  effect  of  sintering  atmosphere  and  exposure  time  on  the 
compound  formation  in  the  LSM-YSZ  composites  were  analyzed 
by  XRD  (Fig.  2).  Cubic  zirconia  (JCPDS  number:  00-030-1468)  and 
rhombohedral  LSM  (JCPDS  number  00-053-0058)  are  observed  for 
all  the  samples.  The  crystal  structure  of  the  LSM  and  YSZ  does  not 
change  with  sintering  condition  as  observed  from  the  identical 
peak  positions  with  that  of  raw  powders.  New  phase,  cubic 
La2Zr207  (JCPDS  number:  01-070-5602),  is  found  for  the  samples 
sintered  in  air  for  10  h  only,  and  in  1CT3  and  1(F6  atm  PO2  for  all  the 
sintering  times. 

The  amount  of  La2Zr207  was  determined  by  the  intensity  ratio  of 
X-ray  diffraction  line  of  the  (222)  plane  of  La2Zr207  to  that  of  (111 ) 
plane  of  YSZ  since  the  above  lines  are  the  100%  intensity  peaks  of 
La2Zr207  and  YSZ,  respectively,  and  both  peaks  have  same  multi¬ 
plicity  factors  (Mhki  =  8)  [38].  Fig.  3  showed  that  the  relative 
amount  of  La2Zr207  increases  with  decreasing  PO2  of  sintering 
atmosphere  and  increasing  sintering  time.  These  observations 
indicate  that  reduced  sintering  atmosphere  and  the  prolonged 
sintering  time  favor  the  formation  of  La2Zr207. 

3.3.  Microstructure 

Microstructural  features  of  sintered  LSM-YSZ  composites  are 
shown  in  Fig.  4.  Fig.  4(a)  shows  the  cross  section  of  sample  sintered 
at  1400  °C  in  air  for  2  h.  Two  main  phases  are  homogeneously 
distributed  into  the  samples.  Color  contrast  and  elemental  analysis, 
performed  by  SEM-EDS  technique,  indicates  the  dark  phase  to  be 
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Fig.  2.  XRD  patterns  of  the  LSM-YSZ  composites  in  different  sintering  atmospheres  (a) 
samples  sintered  at  1400  °C  for  2  h  in  10  6  atm,  10  3  atm  and  air  (b)  samples  sintered 
at  1400  °C  for  10  h  in  10  6  atm,  10  3  atm  and  air. 
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Fig.  4.  SEM  of  the  cross  section  of  samples  sintered  at  1400  °C  in  (a)  air  for  2  h,  (b)  air  for  10  h,  (c)  10  3  atm  P02  for  10  h,  and  (d)  and  (e)  10  6  atm  P02  for  10  h. 


YSZ,  the  bright  phase  to  be  LSM.  5  h  sintered  samples  have  the 
similar  features.  The  SEM  image  is  not  shown  here  for  brevity.  With 
the  sintering  time  increased  to  10  h  (Fig.  4(b)),  presence  of  La2Zr207 
was  identified  as  the  brightest  contrast,  confirmed  by  EDS  analysis 
under  SEM  observation. 

All  the  samples  sintered  in  10-3  atm  P02  shows  three  phases 
LSM,  YSZ  and  La2Zr207  (Fig.  4c).  In  addition  to  the  mentioned  three 
phases  (Fig.  4d),  few  MnOx  grains  about  ~2  pm  size  are  also  found 
in  the  samples  sintered  in  10-6  atm  P02  as  shown  in  Fig.  4(e).  The 
La2Zr207  phase  is  found  after  2  h  sintering  in  these  low  P02 
condition.  The  amount  of  the  La2Zr207  was  found  to  increase  with 
decrease  in  P02  and  increase  in  sintering  time.  The  grain  sizes  of  all 
the  phases  vary  in  a  wide  size  range  for  all  the  samples  due  to  the 
variation  in  particle  sizes  of  the  starting  LSM  (0.5-1.8  pm)  and  YSZ 
(0.3-1.4  pm)  powders.  The  grain  size  of  both  LSM  and  YSZ  increases 


with  decrease  in  P02.  For  example,  the  average  grain  size  of  LSM 
and  YSZ  changed  from  ~1.6  to  ~2.9  pm  and  ~1.8  to  ~2.7  pm 
respectively,  during  sintering  in  air  and  1CT3  atm  P02.  During  sin¬ 
tering  in  1CT6  atm  P02,  the  grain  size  for  LSM  and  YSZ  further 
increased  to  ~3.3  and  ~2.8  pm  respectively.  For  La2Zr2C>7,  the 
average  grain  size  remained  around  2.0  pm  for  10  h  sintering  in  all 
the  sintering  atmospheres. 

The  elemental  composition  of  the  observed  phases  was  ob¬ 
tained  by  averaging  the  SEM-EDS  spot  ( ~  20  spots)  analysis  results. 
For  brevity,  the  elemental  compositions  of  different  phases  ob¬ 
tained  from  EDS  analysis  are  shown  only  for  the  samples  sintered 
for  10  h  as  no  significant  difference  in  composition  was  found  for 
the  different  sintering  duration.  For  the  air  sintered  sample,  YSZ 
contains  ~  7  at%  La  and  ~  10  at%  Mn,  whereas  LSM  contains  ~  7  at% 
Zr.  On  changing  the  sintering  atmosphere  to  10-3  atm  P02;  YSZ 
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Fig.  5.  TEM  image  of  sample  sintered  at  1400  °C  in  10  6  atm  P02  for  10  h. 

shows  ~7  at%  La,  ~11  at%  Mn,  and  LSM  shows  ~2  at%  Zr.  In 
10”6  atm  PO2  sintering  atmosphere,  Mn  content  in  the  YSZ 
increased  to  ~14  at%  while  the  contents  of  the  other  elements 
remained  similar  to  those  observed  in  the  10-3  atm  PO2  sintering 
atmosphere.  The  increased  amount  of  Mn  in  YSZ  and  reduced 
amount  of  Zr  in  LSM  in  the  samples  sintered  in  1CT6  atm  PO2,  when 
compared  to  those  of  the  air  sintered  samples.  This  suggests  that 
the  elemental  diffusion  from  LSM  into  YSZ  becomes  more 
pronounced  with  decreasing  PO2  as  compared  to  the  diffusion  from 
YSZ  into  LSM. 

For  better  understanding  of  the  elemental  distribution,  a  thin 
sample  (150-200  nm)  having  all  the  three  phases  (LSM,  YSZ  and 
LZ)  was  prepared  using  focused  ion  beam  (FIB)  from  the  LSM-YSZ 
composite  sintered  in  10  6  atm  PO2.  Fig.  5  shows  a  high-resolution 
bright  field  image.  YSZ,  LSM,  and  La2Zr207  grains  were  observed 
and  confirmed  by  TEM-EDS  analysis  (Table  1 ).  The  LZ  grains  were 
characterized  by  selected  area  electron  diffraction  (SAED).  Fig.  6 
shows  the  fee  pyrochlore  structure  of  La2Zr207  with  the  zone  axis 
of  [011].  The  lattice  image  (Fig.  7)  clearly  shows  the  interface 
between  La2Zr207  and  YSZ. 


3.4.  Thermal  expansion  behavior 

The  thermal  expansion  coefficients  (TEC)  of  the  porous  LSM- 
YSZ  composites  are  shown  in  Table  2.  The  TECs  of  dense  YSZ  and 
LSM  are  also  shown  for  reference  purposes.  The  TEC  values  of  the 
LSM  and  YSZ  are  12.3  x  10-6  °C_1  and  10.8  x  10~6  °C_1  respectively 
from  room  temperature  to  1000  °C,  consistent  with  literature  [39— 
41].  The  TEC  of  the  LSM-YSZ  composite  sintered  in  air  for  2  h  at 
1400  °C  is  11.5  x  10~6  °C_1,  and  is  in  agreement  with  the  mixing 
rule  of  the  composite.  For  the  samples  sintered  in  lower  P02,  the 


Table  1 

TEM— EDS  results  for  LSM-YSZ  composite  sintered  at  1400  °C  in  10~6  atm  P02  for 
10  h. 


Preparation  condition 

La 

Sr 

Mn 

Y 

Zr 

Compounds 

10  6  atm  P02 

8.5 

0 

10.6 

13.4 

67.5 

YSZ 

1400  °C 

52.0 

8.4 

36.1 

0.7 

2.8 

LSM 

10  h 

56.4 

0 

0.5 

4.1 

39.0 

LZ 

(422) 

*  •  •_  .  . 

(311)  • 

(200)  (”1)  (OZZ)^) 

A 

(111)  (000)  (ill)* 

(133)  (022)  (111)  p'oo)  * 


(222)  (311)  (400) 

•  _• 

(422) 


5  1/nm 


z  =  [Oil] 


Fig.  6.  Selected  area  diffraction  pattern  of  La2Zr207  (LZ)  with  the  zone  axis  [011]. 

TEC  value  decreased  from  11.5  to  10.3  x  10“6  °C_1.  Lowering  of  the 
TEC  is  assigned  to  the  presence  of  La2Zr207  phase  (11-28%)  in  the 
samples  sintered  in  10~3  and  10-6  atm  PO2.  The  TEC  values  of 
La2Zr207  were  reported  in  the  range  of  9.0-9.3  x  10-6  °C_1 
[22,42,43]. 

4.  Discussion 

The  PO2  range  used  in  the  present  work  (0.21-10  6  atm)  is  well 
within  the  chemical  and  structural  stability  region  for  both  LSM 


Fig.  7.  Lattice  image  of  YSZ/La2Zr207  (LZ)  interface  with  the  zone  axis  [Oil]. 
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Table  2 

Thermal  expansion  coefficient  (from  room  temperature  to  1000  °C)  of  samples. 


Composition 

TEC(xlO-6oC-1) 
this  study 

TEC  (x  10  6oC  preference 

YSZ 

10.8 

10.3  [36], 10.9  [37] 

LSM 

12.3 

11.7  [37],  11.6  [38] 

LZ 

9  [22],  9.2  [39],  9.3  [40] 

YSZ— LSM  sintered 

11.5 

in  air  for  2  h 

YSZ— LSM  sintered 

10.3 

in  10-3  atm  P02  for  10  h 

YSZ— LSM  sintered 

10.3 

in  10"6  atm  P02  for  10  h 

and  YSZ  [44].  The  technical  discussion  is  focused  on  observations 
related  to  (a)  higher  solubility  of  Mn  in  YSZ  at  lower  PO2  (b) 
enhanced  densification  with  decrease  PO2  (c)  increased  formation 
of  La2Zr2C>7  at  lower  PO2  and  (d)  presence  of  MnOx  at  lower  PO2. 

Mn  solubility  (8-14%)  in  YSZ  has  been  reported  during  the 
sintering  of  LSM-YSZ.  Mn  ions  diffuse  readily  in  YSZ  due  to  its 
smaller  ionic  radii  and  the  highest  diffusivity  among  the  constit¬ 
uent  lanthanum  and  strontium  ions  [6,27].  The  Mn  in  solid  solution 
is  a  mixture  of  Mn3+  and  Mn2+  [45].  The  diffusion  of  Mn  from  LSM 
into  YSZ  changes  the  oxygen  stoichiometry  as  well  as  influences  the 
(La  +  Sr)  to  Mn  ratio  in  LSM  [7,46].  At  lower  PO2,  manganese  ions 
reduce  to  lower  valence  state  according  to  Ref.[47] 

2MnMn  +  Oq  =  j  ^2  +  V0  +  2Mn^[n  (1) 

2Mn^n  +  Oq  =  j  ^2  +  V0  +  2Mn/Mn  (2) 

where  Vq,  Mn*Mn,  Mn^n,  and  Mn/Mn  are  oxygen  vacancy,  Mn4+, 
Mn3+,  and  Mn2+,  respectively.  Oxygen  vacancies  increase  due  to 
change  in  the  oxidation  state  of  manganese  ions  as  stated  above 
[48].  Substitution  of  Mn  at  the  Zr  site  in  YSZ  also  has  the  tendency 
to  increase  the  oxygen  ion  vacancy  according  to  reactions: 


formation  at  high  temperatures  (>1000  °C)  [30].  The  reaction  can 
be  written  as 


LaMn03  +  Zr02 


1 

2 


La2Zr207  +  MnOx  + 


(4) 


The  forward  reaction  rate  of  the  reaction  (4)  increases  with 
decreasing  PO2  favoring  lanthanum  zirconate  formation  in  lower 
PO2.  Secondly,  the  diffusivity  of  manganese  is  the  highest  among  all 
the  elements  in  LSM  (La,  Sr,  and  Mn),  supported  by  the  highest 
amount  of  Mn  (10-14  at%)  in  YSZ  followed  by  La  (7-8  at%)  and  Sr 
(0-2  at%)  from  our  EDS  data.  The  Gibbs  free  energy  value  for 
formation  of  La2Zr207  (-146.2  x  5.0  kj  mol-1  at  1200  I<)  is  more 
negative  than  that  of  SrZr03  (-92.01  kj  mol-1  at  1200  K)  [36,53]. 
Also,  the  activation  energy  for  La2Zr307  formation 
(17.5  x  1.8  kj  mol-1)  is  lower  than  thatofSrZr03  (18.8±1.9  kj  mol-1) 
[23].  As  a  result,  La2Zr307  but  no  SrZr03  is  observed  in  this  study. 

Manganese  oxide  has  been  observed  in  the  LSM-YSZ  compos¬ 
ites  sintered  in  10-6  atm  PO2.  Formation  of  MnOx  at  lower  oxygen 
pressure  (10-6  atm)  is  explained  on  the  basis  of  the  feasibility  of 
reaction  (4)  where  lower  oxygen  pressure  favors  MnOx  and 
La2Zr307  formation.  The  absence  of  manganese  oxide  for  the 
samples  sintered  at  higher  oxygen  pressures  is  considered  to  be  due 
to  evaporation  of  the  MnOx  from  the  porous  sample  and  its 
deposition  at  the  sintering  crucible  wall.  These  observations  are 
also  supported  by  our  previous  study  [37]. 


5.  Conclusion 


The  densification  and  interaction  of  LSM-YSZ  in  porous 
composite  structures  has  been  examined  as  a  function  of  oxygen 
partial  pressure  during  sintering  at  1400  °C.  Our  observations 
indicate  enhanced  densification  and  grain  growth  with  reduction  in 
oxygen  partial  pressure  and  are  attributed  to  changes  in  the  defect 
structure.  Lowering  of  the  oxygen  partial  pressure  resulted  in  the 
formation  of  La2Zr707  and  MnOx  in  the  composite.  Thermal 
expansion  coefficient  of  the  composite  also  decreases  with  increase 
in  the  amount  of  the  zirconate  phase. 


MnOZr02  =  Mn£r  +  V&*  +  O*  (3) 

Where  MnJr  is  Mn2+  on  Zr  site  in  YSZ.  It  has  been  calculated  that 
the  MnOx  solubility  in  c-ZrC>2,  the  amounts  of  Mn2+  and  Mn3+,  vary 
with  PO2  [46].  In  lower  PO2  region,  mainly  Mn2+  dissolves  in  ZrC>2 
and  its  solubility  is  higher  than  Mn4+  and/or  Mn3+  solubility  in  air 
[49].  As  a  result,  the  amount  of  manganese  in  Zr02  increases  from 
10  at%  Mn  to  14  at%  while  sintering  atmosphere  changes  from  air  to 
10-6  atm  PO2.  Our  experimental  findings  confirm  and  validate  the 
theoretical  evaluation  [46]. 

The  overall  grain  size  of  the  LSM-YSZ  composites  sintered  in 
10-3  atm  and  10-6  atm  PO2  is  larger  than  those  for  the  samples 
sintered  in  air.  In  reduced  atmospheres,  oxygen  vacancies  increase 
due  to  changes  in  the  oxidation  state  of  manganese  ions  as  stated 
above  (reactions  (1)  and  (2)).  The  oxygen  vacancies  enhance  the 
atomic  mobility  to  the  grain  boundaries  and  free  surfaces  causing 
the  development  of  larger  grain  size.  For  LSM,  cation  mobility  has 
been  reported  to  be  rate-limiting  for  sintering  [50,51  ].  The  diffusion 
of  oxygen  in  LSM  creates  a  cation  vacancy  gradient  [52]  and 
diffusion  increases  with  decreased  oxygen  partial  pressure  [53]  that 
provides  a  greater  driving  force  for  sintering.  Our  observation  on 
increase  in  densification  is  consistent  with  above  explanation. 

The  formation  of  lanthanum  zirconate  phase  is  influenced  by 
PO2  and  can  be  discussed  from  two  aspects.  Firstly,  La203-Mn0x- 
Zr02  chemical  potential  diagram  shows  that  lanthanum  manganite 
and  zirconia  cannot  coexist  in  equilibrium  without  La2Zr207 
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